A new second order perturbation approach for evaluating the splittings and shifts of the vibrational bands of homogeneous molecular clusters, consistently treating degenerate normal modes, is described. The Hamiltonian of the system comprises harmonic and anharmonic intramolecular vibration terms, and the intermolecular potential. The anharmonic intramolecular contributions and the intermolecular potential are treated as a perturbation. A new site-site intermolecular potential model for SF 6 , featuring exchange, dispersion, electrostatic and induction terms, is presented. The new potential, with the parameters adjusted according to the observed monomer transition dipole moment and reproducing the experimental temperature dependence of the second virial coefficient, is used to determine SF 6 cluster structures up to the hexamer and, by means of the new line shift formalism, to calculate the corresponding IR-spectra in the region of the 3 vibrational mode ͑at 947.968 cm Ϫ1 ). The contributions of the various potential terms to the frequency shifts are analyzed and the leading interaction mechanism is confirmed to be the electrostatic one ͑implicitly the resonant dipole-dipole coupling͒. The theoretical spectra are shown to fairly describe the experimental evidence when considering only exchange, dispersion and electrostatic interactions. With the available atomic polarizabilities, induction seems to lead to a systematic redshift of the entire spectrum for all cluster sizes. The structure of the cluster vibrations is investigated in terms of the individual monomer vibrations and is correlated with the found geometrical cluster configurations.
I. INTRODUCTION
Investigation of the structure and dynamics of molecular clusters by spectroscopic methods, especially through microwave and IR techniques, has achieved outstanding advances in the last few years. However, the profound understanding of the intermolecular interaction mechanisms could not have been possible without the assistance of complex theoretical approaches, developed in order to facilitate the analysis of the observed spectra.
Over the last two decades there has been quite a great experimental and theoretical interest in the SF 6 clusters, [1] [2] [3] [4] [5] [6] [7] 29, 30 and especially in the spectroscopy of the bands attributed to the 3 vibrational mode of the monomer ( 3 ϭ947.968 cm Ϫ1 ). Obviously, the particular interest in the 3 mode has been mainly a consequence of the similarities between SF 6 and the more challenging UF 6 system.
Since the threefold degenerate 3 vibrational mode of SF 6 is IR-active, it can be excited by CO 2 laser radiation in IR predissociation experiments. [1] [2] [3] [4] [5] [6] Typically, in such experiments a beam of clusters containing IR-active molecules is formed in a supersonic nozzle and expanded into a vacuum chamber, where an intramolecular mode of vibration is excited by the IR-radiation. Energy relaxation may subsequently lead to predissociation of the clusters, causing a decrease in the beam signal. As a direct result of the mutual interaction of the molecules within the cluster, the spectral bands that have been found appear shifted ͑and sometimes also split͒ with respect to the corresponding gas phase absorption frequencies. The information gained from such experiments is even more interesting when combined with a cluster size selection method, allowing for a more detailed theoretical interpretation. In their measurements on SF 6 clusters, Huisken et al. 5 have used the size-selection technique introduced by Buck and Meyer, 8 which is based on the deflection of the molecular beam by scattering from a secondary noble gas beam.
Unfortunately, quite often the observed IRpredissociation spectra display broad, rather poorly structured peaks. To reduce the congestion of lines and the partial overlapping of the cluster spectra, Heijmen et al. 6 have performed two-laser experiments. In such ''pump and probe'' experiments, the fixed-frequency probe laser labels cluster levels for a certain cluster species, while the pump laser is scanned to identify IR-predissociation frequencies connected with the labeled cluster states.
The most successful theoretical model employed up to now to quantitatively describe the frequency shifts of the 3 vibrational mode in the SF 6 clusters, has been the dynamical dipole-dipole interaction model of Geraedts et al.
result in a realistic dimer structure, confirm the dominant character of the resonant dipole-dipole coupling, but underestimate the corresponding line shifts, and do not establish any correlations between the obtained theoretical spectra, the individual monomer normal modes, and the found dimer structure. The main reason for the underestimation of the frequency shifts lies, in our opinion, in the inappropriate effective charges assigned to the atoms, which reproduce the monomer transition dipole moment of Fox et al. rather than the more recent and accurate value due to Kim et al. 10 Furthermore, the potential model of van Bladel et al. has not been fitted to any macroscopic properties ͑such as virial coefficients or viscosities͒. These very deficiencies have been the stimulus for our attempt to establish an SF 6 -SF 6 potential model that more accurately describes the experimental evidence.
Recently we have published a second order perturbation approach for evaluating the frequency shifts of homogeneous molecular clusters. 11 The formalism consistently treats the degeneracy of the cluster states emerging from the identity of the constituent monomers, however, degenerate vibrational modes of the monomers are not being taken into account. The underlying idea, extracted from early publications of Buckingham 12 concerning the frequency shifts in the IR or Raman spectra of chromophores under the influence of a solvent, is to treat the anharmonic contributions to the intramolecular force field and the intermolecular potential as a quantum mechanical perturbation of the molecular vibrations ͑described in the normal mode representation͒. The resulting first order formulas are equivalent to those of Buck et al., 13 nevertheless, in the more complex second order, substantial differences arise by considering the complete basis set of the state space.
In Sec. II B we present the generalized formulation of our previously published approach, which now also takes into account the degeneracy of the monomer vibrational states, an essential aspect for correctly calculating the frequency shifts of the SF 6 clusters corresponding to the threefold degenerate 3 mode. The potential model we employ to determine the geometrical structures and line shifts of the SF 6 clusters, comprising exchange, dispersion, electrostatic and induction contributions, is described in Sec. II C.
Basic input data for the cluster structure and frequency shift calculations ͑the harmonic monomer frequencies, the displacement l-matrix, and the transformed cubic force constants rst ) are derived as part of the normal mode analysis of the monomer. The accurate treatment of the SF 6 monomer spectroscopy implies the refinement of the intramolecular force field and the result of this approach, as well as the transformation principles of the cubic force constants of SF 6 from valence to normal coordinates, are presented in Sec. III A.
The details of the adjustment procedure of the intermolecular potential parameters are described in Sec. III B. Although our potential model has a functional form similar to that of van Bladel et al., the effective charges we have assigned to the atoms reproduce the more accurate monomer transition dipole moment value 01 ϭ0.437 D of Kim et al., 10 and the dispersion coefficients have been determined by fitting the calculated second virial coefficient to experimental data. In order to elucidate the role played by the induction coupling in the case of the SF 6 clusters, we employ two variants of our potential model: one neglecting the induction interactions, hereafter referred to as ''potential I,'' and the other one including them, hereafter called ''potential II.'' Section III C is devoted to the description of the structures we have obtained for the SF 6 clusters ranging from dimer to hexamer by using the two variants of the new potential model. The results, regarding binding energy, symmetry properties and geometrical size, are compared with those obtained by using other potential models from the literature, and the incremental binding energy of the clusters is examined.
In Sec. III D, the results of our frequency shift calculations, performed by means of the new perturbation formalism, are described in detail. The contributions to the frequency shifts from the various interaction mechanisms are analyzed and the theoretical spectra are compared with the experimental evidence and previous theoretical results. The appropriateness of the inclusion of the induction interactions in the potential model is also discussed. Finally, in Sec. III E the contributions of the individual monomer vibrational modes to the overall cluster vibrations are investigated, and the shifted spectral lines are correlated with vibrations of particular morphological monomer groupings within the clusters.
II. THEORETICAL MODEL

A. The Hamiltonian
The total cluster Hamiltonian may be written as
Hϭ hc
where the first sum describes the uncoupled harmonic oscillations, the second sum is the anharmonic correction, while U represents the intermolecular potential. Here r and rst are the harmonic frequencies and the cubic force constants in units of wave numbers, respectively. q rm and p rm are position and momentum operators associated with the normal mode r of molecule m. M stands for the number of identical N-atomic molecules. The first two sums of the Hamiltonian ͑1͒ describe the conventional normal mode approach for the individual molecules including cubic anharmonicities. The intermolecular potential U is a function of both the geometrical arrangement of the molecules within the cluster and the vibrational coordinates of each molecule. Taking into account the different orders of magnitude of the vibrational displacements of the atoms and the intermolecular separations, the interaction energy U may be cast in the form of a power series with respect to the normal coordinates
where U 0 is the interaction energy of the molecules frozen in their equilibrium position and all derivatives are expressed with respect to this position keeping all but the explicitly implied normal coordinates constant.
In view of the fact that the Hamiltonian ͑1͒ is dominated by the harmonic term ͑first sum͒, which in addition allows for a full analytical diagonalization, providing a basis set for the Hilbert space of the cluster states, the anharmonic term and the intermolecular potential can be treated as a perturbation
This approach is ultimately legitimated by the different orders of magnitude of the intra and intermolecular interaction forces, reflected by the generally higher intramolecular vibration frequencies ͑with typical values of 1000 cm Ϫ1 ) than the intermolecular vibration frequencies ͑with typical values of 10-100 cm Ϫ1 ).
B. Perturbation approach for cluster frequency shifts
In order to evaluate the fundamental frequency shift of a particular monomer normal mode due to the interaction of the molecules within the cluster, one has to determine the shifts of the ground state and of the first excited state of that specific normal mode. Within the framework of the stationary perturbation theory, 14 both the first and second order energy corrections are expressed in terms of the perturbation matrix elements, which, for further convenience, can be detailed in the present case as follows: 
͑4͒
The eigenvectors of the unperturbed Hamiltonian may be set up as products of the state vectors for all harmonic normal modes of all molecules:
where, for each energy state n and degeneracy i, the set of integers ͕␣ rm ni ͖ describes a particular combination of excitations of the individual normal modes of each molecule. Unfortunately, due to the fact that the degeneracy g n differs for the different energy states, the notation ͉␣ n i ͘ is neither suggestive nor useful. Bearing in mind the typically low number of individual excitations that result in non-vanishing contributions to the matrix elements ͗␣ p j ͉W͉␣ n i ͘, a notation suggesting only the individual oscillator quantum states which differ from the ground state seems more eloquent. For example, the total cluster state in which the rth mode of the mth molecule is simply excited and the sth mode of the lth molecule is doubly excited could be represented by ͉1 rm 2 sl ͘.
As already pointed out, to determine fundamental line shifts, only the shifts of the ground state ͉0͘ and of simply excited states ͉1 ni ͘ need to be evaluated, i.e. in expression ͑4͒ ͉␣ n i ͘ is either of form ͉0͘ or ͉1 ni ͘. In view of the fact that the only non-vanishing matrix elements for q rm ,q rm 2 , and q rm 3 imply states which differ by not more than three quanta, the only candidates for ͉␣ p j ͘ in formula ͑4͒ are of the form:
The relevant matrix elements of the powers of the individual normal coordinates q rm are obtained by means of the standard harmonic oscillator algebra, 15 and are given in Appendix A.
In order to simplify notations by omitting the limits of the indices, the following convention will be used ͑except where otherwise specified͒: indices i through m stand for molecules, running over values from 1 to M , while indices n through t designate normal modes, running over values from 1 to 3NϪ6.
The first order correction to the non-degenerate ground state energy is readily obtained as the mean value of the perturbation in the ground state
Since the present approach is conceived for clusters of identical polyatomic molecules with eventually degenerate vibrations, the degeneracy of a simply excited energy level E n equals the product between the number M of molecules in the cluster and the degeneracy g n of the implied monomer state, and under the influence of the intermolecular potential, the energy level is shifted and split up into g n M sublevels E ni . The corresponding first order energy corrections ⑀ ni (1) result in eigenvalues of the perturbation matrix in the representation defined by the vectors ͉1 ni ͘ which span the subspace ⌫ of the considered energy state. The perturbation matrix elements are given by
Observing that the expression within parenthesis is that of the first order ground state correction, ⑀ 0 (1) , and defining the reduced perturbation matrix elements
the corresponding eigenvalue problem,
directly yields the first order frequency shifts
(1) )/hc for the fundamental excitation from the ground state to the simply excited levels E ni . As is apparent from definition ͑8͒ of the reduced perturbation matrix elements, the first order line shifts are independent of the intramolecular force constants, depending only on the curvature of the intermolecular potential. The diagonalization of the reduced perturbation matrix provides, besides the first order frequency shifts, the coefficients c ni,n Ј i Ј ͑as eigenvector components͒, which satisfy the completeness relation
, and which further enter the expressions of the second order line shifts.
The first order frequency shifts derived so far refer in principle to the harmonic monomer frequencies, which also characterize the unperturbed state of the cluster, i.e. the ideal state with harmonically vibrating independent monomers. In order to evaluate cluster line shifts with respect to observed monomer frequencies, only terms describing the influence of the intermolecular potential U have to be retained, eliminating terms depending only on the cubic intramolecular force constants, which merely account for the anharmonicity of the monomer frequencies. The first order line shifts, depending through the reduced perturbation matrix elements solely on the curvature of the intermolecular potential, hence refer both to the harmonic and observed frequencies, which turn out to be equally shifted to first order. Consequently, sticking to the convention to denote harmonic frequencies by , and anharmonic or observed frequencies by , the notation, ⌬ ni
(1) , is justified. The second order energy correction for non-degenerate states can be formally written in the case of the ground state:
being, as one may notice, essentially negative. Replacing in the above relation the non-vanishing perturbation matrix elements of the form ͗␣ p j ͉W͉0͘ given in Appendix A, one obtains after some term rearrangements:
The terms depending only on the cubic force constants rst ͑describing, as already pointed out, the anharmonic corrections of the monomer frequencies͒ have to be eliminated explicitly in the above relation. Thus, the expression of the second order ground state correction simplifies to
͑10͒
In the case of simply excited states, ͉1 ni ͘, the general second order energy correction for degenerate excited states takes the form
Replacing the non-vanishing perturbation matrix elements of the form ͗␣ p j ͉W͉1 ni ͘ listed in Appendix A, and employing in principle the same techniques as for the second order ground state correction, one obtains for
after some quite cumbersome calculations:
͑11͒
Eliminating the terms depending only on the cubic force constants rst , and observing that ⑀ 0 (2) given by Eq. ͑10͒ cancels out the last two sums in the expression of
, the second order line shift, ⌬ ni (2) ϭ(⑀ ni (2) Ϫ⑀ 0 (2) )/hc, may be finally cast in the form
where
Generally, the most significant contributions to the second order line shifts are due to the first term of Eq. ͑13͒, coupling the generalized intermolecular forces Ϫ‫ץ‬U/‫ץ‬q ri Ј with the intramolecular force constants n Ј n Ј r . It is noteworthy that the second order shifts do not depend on all cubic force constants, but only on those implying states belonging to the subspace ⌫ of the considered normal mode. The last three sums in Eq. ͑13͒ are essentially less important due to the presence of the cubic force constants n Ј n Љ r ͑coupling two different substrates nЈ,nЉ ⌫ with a third one͒ and of the second order derivatives of the intermolecular potential, respectively. However, through the resonance terms contained in the third sum, close lying levels can sometimes substantially contribute to the frequency shift.
The total frequency shift of a particular cluster spectral band obviously results from the sum of the corresponding first and second order shifts:
An approach for the numerical evaluation of the intermolecular potential derivatives with respect to the internal coordinates, needed in the formulas of the frequency shifts, is described in Appendix B.
The relative importance of the cluster spectral lines corresponding to a particular vibrational mode can be judged on the basis of the transition strength, which can be calculated as the squared cluster transition dipole moment weighted by the degeneracy of the cluster state. In Appendix C we derive for the Cartesian components of the cluster transition dipole moment the approximate expression
where q a are atomic charges, A ␣␣ Ј m is the rotation matrix which characterizes the position of molecule m in the cluster, and l a␣ Ј nЈ are elements of the displacement l-matrix, which results from the normal mode analysis of the monomer.
C. The intermolecular potential model
One of the crucial aspects in performing structure and frequency shift calculations for clusters is the choice of a realistic intermolecular potential function. Due to the complexity of the calculations, it is desirable that the potential combines the ability of accurately describing various properties of the system with a relative analytical simplicity. From the potential energy hypersurfaces available in the literature, site-site potentials seem to be competitive candidates for tractable numerical solutions.
The functional form of the intermolecular potential we have chosen for calculating the structures of the SF 6 clusters and the corresponding vibrational frequencies shifts comprises exchange, dispersion, electrostatic, and induction terms. A similar model was previously employed by van Bladel et al. 7 for SF 6 , SiF 4 , and SiH 4 dimer calculations. One of the important features of this potential type, is that being based on site-site interactions, it depends on the relative atom positions, thus implicitly depending on the internal monomer vibrational coordinates.
The repulsive exchange and the attractive dispersion interactions are represented by standard ͑exp-6͒ terms:
respectively, where r i j is the distance between atom i belonging to monomer m and atom j belonging to monomer mЈ. The electrostatic term
implies the fractional effective charges q i placed on the atoms, such as to account for the vibrational transition dipole moment of the monomer. The induction potential contains three-body terms:
describing the interaction between the charge q j from molecule mЈ and the dipole induced at site i of molecule m by the charge q k from molecule mЉ. In a simplified writing, which takes advantage of the interchangeable roles of the ''inducing'' charge q j and of the ''probing'' charge q k , evidencing at the same time the total induction field, the induction potential may be conveniently described by fourfold rather than sixfold sums:
In our calculations, we employ two variants of the above potential model: the first one, designated in what follows as ''potential I,'' does not include the induction term, while the second, denoted as ''potential II,'' includes all the interactions.
III. RESULTS
A. Intramolecular force field of SF 6 As shown in Appendix B, for the evaluation of the intermolecular potential derivatives with respect to the vibrational coordinates (‫ץ‬U/‫ץ‬q rm , ‫ץ‬ 2 U/‫ץ‬q rm 2 , and ‫ץ‬ 2 U/‫ץ‬q rm ‫ץ‬q sl ) occurring in the frequency shift expressions, the so-called l-matrix of the monomer is needed. The l-matrix describes the linear relationship between the Cartesian displacement and the normal coordinates of the atoms and results as part of the normal mode analysis of the monomer, performed according to the well-known G-F method of Wilson. 15 Within the present approach, the l-matrix ͑besides the cubic force constants rst ) thus models the coupling between the intraand intermolecular force fields.
The molecules and ions of the type XY 6 have been proved to possess in most cases O h symmetry. The SF 6 monomer conforms to this symmetry and, according to the irreductible representations of the O h point group, 16 it follows ͑by applying the selection rules͒ that such a structure will give rise to one nondegenerate type A 1g vibration ( 1 ), one doubly degenerate type E g vibration ( 2 ), two coupled triply degenerate type F 1u vibrations ( 3 , 4 ), one triply degenerate type F 2g vibration ( 5 ), and one triply degenerate type F 2u vibration ( 6 ). The F 1u vibrations are IR-active, while the A 1g , E g , and F 2g vibrations are Raman active. The symmetry coordinates corresponding to the above symmetry species are described by Pistorius. 17 In our calculations on the SF 6 monomer, we have employed the S-F bond length of 1.564 Å found by Ewing et al. 18 in an electron diffraction study, and the quadratic intramolecular force field derived by McDowell et al. 19 from conventional IR-, diode laser-, and Raman spectra. Regarding the force field, the accuracy of the listed symmetry force constants F 11 , F 22 , F 33 , F 34 , F 44 , F 55 , and F 66 is not sufficient to allow for the observed frequencies to be exactly reproduced. Moreover, since the second order frequency shifts of the 3 vibrational mode of SF 6 , on which we focus in this work, typically amount to several tenths of a cm Ϫ1 , as will be shown in Sec. III D, implying the decimal digits of the resulting frequencies, a previous refinement of the force constants provided by McDowell et al. is necessary. The refinement procedure was accomplished using the ASYM20 program of Hedberg and Mills 20 and the resulting force constants are listed, along with the observed frequencies, in Table I .
In Table II we give the l-matrix elements yielded by the normal mode analysis of the SF 6 monomer, and corresponding to one of the substates of the threefold degenerate 3 mode ͑for the two other substates, the same non-zero elements occupy the y and z columns, respectively͒. They should be regarded as Cartesian displacements of the implied atoms for the unitary increment of the normal coordinate.
In order to accomplish the transformation of the force constants from symmetry to normal coordinates, obtaining 21 The internal valence ͑or symmetry͒ coordinates R i can be expressed in terms of normal coordinates Q r by a non-linear transformation
.., have to be interpreted as first, second, and third order derivatives of the internal coordinate R i with respect to the normal coordinates. In particular, the formula for the transformation of the cubic force constants from symmetry to normal coordinates is:
Since for the SF 6 monomer only quadratic symmetry force constants, F i j , are available, the transformed cubic force constants rst merely account for the nonlinearity of the transformation of the quadratic force field of the monomer from symmetry to normal coordinates.
B. Intermolecular potential adjustment
In Sec. II C we have presented the two intermolecular potential models we have used in our structure and line shift calculations for the SF 6 clusters: potential I, neglecting the induction interactions, and potential II, including them. In order to make our models as realistic as possible, we have adjusted their parameters in accordance with two macroscopic aspects: the monomer transition dipole moment and the temperature dependence of the second virial coefficient.
Our first concern in modeling the intermolecular potentials was to choose the effective atomic charges q i in such a way as to exactly reproduce the observed transition strength of the 3 vibration in the SF 6 monomer.
Up to now, irrespective of the approach used to describe the structures and frequency shifts of the SF 6 clusters, all the published results 1-7 were based on the monomer transition dipole moment 01 ϭ0.388Ϯ0.02 Debye reported by Fox et al., 9 ignoring the more recent and accurate value of 0.437Ϯ0.005 D of Kim and co-workers. 10 Historically, the preference for the value of Fox et al. has probably been due to the fair explanation of the dimer spectrum obtained with the dipole-dipole interaction model of Geraedts et al. 1, 2 Since in this approach for the description of the cluster spectrum it is sufficient to fit a global parameter , in terms of which the line shifts can be expressed as Ϫ2 and , and which formally depends on the transition strength 01 2 , the accuracy of the actual transition dipole moment is evidently not critical. This conclusion holds, however, only for the particular model of Geraedts et al.
The same monomer transition dipole moment value has been used later on in the more sophisticated approach of van Bladel et al., 7 based on a site-site potential similar to the one we are employing. Since this approach deals with a dimer built up from monomers showing a realistic structure, the possibility arises to treat the normal mode vibrations by displacements of the atoms, which can contribute through associated effective charges to the description of the observed transition dipole moment. The effective charges assigned to the atoms in order to reproduce the experimental monomer transition dipole moment ͑0.388 D͒ have been Ϫ0.565e for the fluorine atoms and, correspondingly, 3.39e for the sulphur atom.
As a reference for determining the effective atomic charges of the SF 6 monomer for both our potential models, we have considered the transition dipole moment value 01 ϭ0.437 D of Kim et al. The effective charges have been calculated accordingly from the expression of the monomer transition dipole moment derived in Appendix C,
by imposing the additional condition of monomer neutrality.
In the above relation a is the atom index and ␣ is the Cartesian coordinate index. The l a␣ n components result from the l-matrix elements given in Table II by applying Eq. ͑B2͒. Thus, we obtain for the effective charges of the fluorine and sulphur atoms the values Ϫ0.637e and 3.822e, respectively. Since they are intended to describe a monomer property, the same charges can be employed in both our potential models.
As regards the coefficients A i j , B i j , and C i j , defining the exchange and dispersion potentials given by Eqs. ͑15͒ and ͑16͒, they can be constructed from the coefficients A ii , B ii , and C ii of the individual atomic species by applying the standard combination rules, A i j ϭͱA ii A j j , B i j ϭ(B ii ϩB j j )/2, and C i j ϭͱC ii C j j . For sulphur and fluorine, among other atomic species, such coefficients have been reported by Spackman, 22 and have been used by van Bladel et al. in their dimer structure and line shift calculations. For A ii and B ii , describing the short range repulsive atom-atom interactions, we have considered the same values, obtained by Spackman from fits to accurate calculations based on the Gordon-Kim electron gas model. 23 As for the dispersion coefficients C ii , describing the long range interaction of two non-polar species, they have been derived from experimental and theoretical atomic dipole polarizabilities and C 6 constants and are claimed to be accurate to only 5-15%. Moreover, in an attempt to model the fluorine and sulphur atom interactions within the SF 6 clusters, the dispersion coefficients of both atomic species are most likely to change due to the additional polarization effects, and thus become the main candidates to be adjusted in a fit procedure against experimental virial coefficients.
The second virial coefficient is a valuable synthetic quantity for the characterization of intermolecular potentials and many successful empirical and semi-empirical potential models have been obtained by fitting to experimental data for this property. The pair potential for two molecules is in general a function of 12 coordinates, three position coordinates and three Euler angles for each molecule. It is always possible to choose a coordinate frame in which one of the molecules is placed ͑unrotated͒ at the origin and thus, the second virial coefficient may be expressed as a sixfold integral over the relative position rϵ(r,,) and rotation ⍀ϵ(⌽,⌰,⌿) of the second molecule:
With a view to evaluating the second virial coefficient of SF 6 , we have investigated two classes of numerical approaches for high-dimensional integration: Monte Carlo techniques and deterministic non-product methods. Whereas non-product methods have turned out to be more efficient, we have extensively used the variants due to Stroud 25 
and n (k) ϭ(Ϫ1) k /ͱ3 for odd n. According to the method of Stroud, an integral over the n-dimensional hypercube S n ϵ͓Ϫ1,1͔ϫ͓Ϫ1,1͔ϫ•••ϫ͓Ϫ1,1͔ may be evaluated by the formula
The second virial coefficient is best evaluated by expressing it as a sum of integrals over finite subregions of E 6 , which can be scaled to S 6 such that Eq. ͑19͒ can be applied. Taking advantage of the O h symmetry of the SF 6 monomer, by halving each angular integration interval one can reduce the relevant space of relative orientations for two molecules, implying the positional (,)-and the Euler (⌽,⌰,⌿) angles, by a factor of 32. For obtaining our final results for the second virial coefficient, we have used a uniform spatial mesh, with the radial coordinate restricted to the interval ͓2,34͔ ͑Å͒, outside of which the integrand has been negligible for the considered potential models. The radial spacing has been taken equal to 2 Å, and the angular spacings equal to /8, resulting in 13107200 integration points, which have been proved to ensure the convergence of the virial coefficient values with five exact digits for all temperatures.
Since, as can be seen from Fig. 1 , the temperature dependence of the second virial coefficient we have obtained by considering the potential of van Bladel et al. ͑represented with squares͒ underestimates by 50 to 100 cm 3 /mol the observed values, it is obvious that this potential is not sufficiently attractive in its long-range components. Consequently, in order to reproduce the observed temperature dependence of the second virial coefficient, the SF 6 -SF 6 potential has to be made more attractive by increasing the dispersion coefficients, C i j , which, besides, are quite inaccurate, as shown above. Unfortunately, in an attempt to fit the theoretical virial coefficients to the experimental evidence, one is faced with the difficulty of having to adjust the coefficients C ii for both sulphur and fluorine ͑the coefficient for the S-F interaction automatically results from the combination rule͒. Because no supplementary prescription is available, we have found it reasonable to vary both dispersion coefficients proportionally.
In the case of potential I, we have achieved the best fit of the observed temperature dependence of the second virial coefficient by considering a 10.5% increase in the C ii coefficients, yielding 8621.0 kJ/mol Å 6 for sulphur and 665.9 kJ/mol Å 6 for fluorine. For potential II, the increase of C ii for an optimal fit amounts to 9.2%, resulting in 8519.6 kJ/ mol Å 6 for sulphur and 658.0 kJ/mol Å 6 for fluorine. It is to be noted that the increase of the dispersion coefficients lies for both potential models within the error limit of 15% estimated by Spackman. The resulting root mean square deviations of 1.59 and 1.71 cm 3 /mol, respectively, provide excellent fits in both cases. In Fig. 1 , the temperature dependence of the virial coefficient resulting from potential I ͑plotted with continuous line͒ can be seen to nicely pass through the experimental error bars. 27 The corresponding curve for potential II cannot be practically distinguished.
For the polarizabilities ␣ i appearing in the induction term U ind given by Eq. ͑18͒, we use the same values as van Bladel et al.
All relevant data for the description of our potential models, along with the parameters for the potential of van Bladel et al. are summarized in Table III .
In order to more clearly emphasize the decisive importance of the electrostatic terms in the description of the SF 6 cluster structures and line shifts, we have also investigated the Lennard-Jones type potential due to Powell et al., 
UϭϪ4⑀
characterized by ⑀ϭ0.14 kcal/mol and ϭ2.8591 Å . This potential implies interaction sites only at the fluorine atoms, not involving the sulphur atoms in any way. Lately it has been extensively used by Boutin et al. 29, 30 in MD simulations concerning the structure and dynamics of ͑SF 6 ) M clusters in the size range M ϭ7Ϫ55. Nevertheless, even though this potential has been accurately fitted to the experimental virial coefficients, not only does it not produce any relevant line shifts ͑not possessing any charges͒, but, as will be shown in Sec. III C, it results in an incorrect structure for the dimer.
In Figs. 2 and 3 we have plotted the atom-atom interaction potentials of Powell et al., van Bladel et al., and of this work for the fluorine and sulphur atoms. It should be clear that these potentials describe the atom-atom interactions within the SF 6 clusters, rather than those of the free atomic species, and can be regarded as projections of the SF 6 -SF 6 potential energy hypersurface onto the respective atom-atom coordinates. In the case of our potential and of the potential of van Bladel et al., we have not included the induction, which, as it will be later shown, is neither dominant for the cluster structures nor for the frequency shifts. As can be seen from Fig. 2 , the F-F potential of Powell et al. is much more attractive than our potential and that of van Bladel et al. This behavior is partly caused by the fact that the F-F interactions have to account for all the interactions within the former model, including the very attractive S-F interactions. On the other hand, our potential and that of van Bladel et al. contain the repulsive contributions due to the charges assigned to the atoms with a view to reproducing the observed monomer transition dipole moment-our potential being slightly more attractive in the short-range region and more repulsive in the long-range region. Regarding the S-S and the S-F interactions depicted in Fig. 3 , our curves lie outside those corresponding to the potential of van Bladel et al., that is, our S-S potential is more repulsive, while our S-F potential is more attractive.
C. Cluster structures
Cluster structure calculations can be straightforwardly performed by minimizing the total interaction energy of the cluster components. Taking into account the different nature of the interaction forces and the different orders of magnitude of the corresponding binding energies for the intra-and intermolecular degrees of freedom, a reasonable approach is to consider the molecules ''frozen'' in their equilibrium geometries and to minimize the intermolecular potential with respect to their relative positions. Moreover, such a technique is consistent with the overall philosophy of our ap- proach for frequency shifts. The positions and orientations of the molecules are specified by their center of mass Cartesian coordinates and Euler angles, which are optimized without constraints starting from randomly chosen initial configurations using the NAG library routine E04JAF. Typically, several hundreds ͑for the dimer͒ up to 5-6 thousands ͑for the hexamer͒ of minimizations are required to yield the global minimum, and a quite voluminous bookkeeping of the cluster configurations is necessary. The results of our cluster structure calculations, by using the potential of van Bladel et al., and the potentials I and II proposed in this work, are summarized in Table IV , where the binding energies and the mean S-S bond length of the clusters ranging from dimer to hexamer are listed. The mean S-S bond length is intended to give an idea about the ''compactness'' of the clusters. For all cluster sizes we have listed the data for the most stable ͑energetically lowest͒ isomer. However, since, as will be later emphasized, the second lowest dimer and tetramer configurations ͑2Ј and 4Ј͒ also show a remarkable symmetry, being energetically very close to the most stable isomers, we have considered them too. For the pentamer, the first symmetrical isomer is the third one ͑5Љ͒, and it is included as well. The geometrical configurations of all the listed cluster structures are presented in Figs. 4 -8. It should be noted that the shape of the cluster structures is alike for all three discussed potential models with one exception: the hexamer resulted for the potential of van Bladel et al., which, in addition, does not possess any symmetry.
We have depicted in Fig. 4 the two found dimers, the lowest having D 2d symmetry and the second, ͑reduced͒ C 2h symmetry. The C 2h symmetry structure offers a tempting explanation for the geared internal rotation of the dimer, in which it could play the role of intermediate configuration. Figure 5 shows the most stable trimer, exhibiting D 3d symmetry. Each monomer is connected to its neighbors by double S-F bonds, overlapping in the figure and providing a reminder of those of the second lowest dimer.
The two lowest tetramers, belonging to the D 2 and C 3 point groups, respectively, are represented in Fig. 6 . The calculations of Geraedts et al., 1 operating with structureless monomers, prescribe a T d symmetry tetramer, which is the most compact structure resulting from four rigid spheres. It should be noted, however, that for both our tetramer configurations the positions of the sulphur atoms correspond to a slightly distorted T d symmetry.
The most stable pentamer ͑Fig. 7͒ has no symmetry properties, being a distorted bi-pyramid. The first pentamer isomer with a well-defined (C 3h ) symmetry ͑same figure͒, having a regular bi-pyramid shape, corresponds to only the third lowest configuration and a further manifestation of this peculiarity is its smaller average S-S distance as compared to the one for the most stable isomer.
The most stable hexamer, depicted in Fig. 8 , again exhibits a nice C 4h symmetry for both of our potential models, unlike the hexamer resulting from the model of van Bladel et al., which is unsymmetrical. Taking into account the quite close values of the in-plane distances between the S atoms contained in the ring and the out-of-plane S-S distances, it follows that the sulphur atoms are organized according to a slightly distorted O h symmetry.
A general remark, which emerges from Table IV, is that for potentials I and II, the binding energies never differ by more than 1%, with the corresponding average S-S distances differing even less ͑at most by 0.4%͒. This indicates that the induction contributions, which differentiate our two models, are not determining for the cluster structures. As for the configurations obtained by using the potential of van Bladel et al., their energies are typically more than 20% lower as compared to the ones obtained with our potentials. However, it is interesting to observe that the S-S distances again differ much less than the binding energies, being by only about 2% larger for the model of van Bladel et al. Thus, the geometrical size of the clusters shows little sensitivity to the electrostatic terms, evidencing the fact that SF 6 forms true van der Waals clusters, mainly bound by the dispersion attraction.
Irrespective of the potential model, dissimilar to the monotonous energy increase, there is a clear saturation tendency of the mean S-S distances with increasing cluster size, suggesting that for clusters larger than the tetramer, further accumulation of binding energy does not occur at the expense of enhanced ''compactness. '' In order to emphasize the tremendous differences which arise from different potential models, even if reproducing the temperature dependence of the experimental second virial coefficient, we show in Fig. 9 symmetry ͑a threefold axis is in contradiction to the structure of the experimental spectra͒, its binding energy of Ϫ6.04 kJ/mol lies between the values obtained with our potentials and that of van Bladel et al., whereas its average S-S distance is much lower ͑4.65 Å͒. This very compact structure is determined by the absence of the repulsive S-S interaction.
It is instructive to plot the incremental binding energy E M ϪE M Ϫ1 of the most stable isomers as a function of the cluster size M ͑Fig. 10͒. The pentamer does not conform to the general tendency of the curves, showing a reduced energy increment relative to the tetramer. This once more is a consequence of the reduced symmetry of the lowest pentamer. Although implying lower energy increments, the curve for the potential of van Bladel et al. has the same shape, evidencing the same specific behavior of the pentamer, whereas the curve obtained with the potential of Powell et al. suggests a very compact and stable pentamer, in spite of the fact that it possesses no symmetry at all.
D. Frequency shifts
In our band shift calculations for the SF 6 clusters, we have focused on the fundamental excitation of the 3 vibrational mode ͑at 947.968 cm
Ϫ1
͒.
The most successful, and straightforward, of the theoretical models employed up to now to describe the frequency shifts of the 3 mode of the SF 6 dimer, has been the dynamical dipole-dipole interaction model of Geraedts et al.
1 The 3 absorption band is split up according to this model in a parallel band shifted by and a perpendicular band shifted by Ϫ2, the unit quantity ϭ(4⑀ 0 )
Ϫ1 01 2 ͗R Ϫ3 ͘ resulting from the analytical diagonalization of the dipole-dipole coupling. Here, R corresponds to an averaged intermolecular separation and 01 ϭ0.388 D is the monomer transition dipole moment value reported by Fox et al. 9 In order to be consistent with their experimental data, Geraedts et al. have considered the unit value to be ϭ6.8 cm
Ϫ1
, this choice also resulting in a reasonable value for the unknown intermolecular separation R. Unfortunately, being based on structureless monomers, and not yielding comparatively good results for the frequency shifts of the higher clusters, this model does not allow for interpretations correlated with realistic cluster structures.
On the other hand, the more elaborate first order perturbation approach of van Bladel et al. 7 yields a realistic dimer structure. The corresponding line shifts however underestimate the experimental findings, even though they are enhanced by adding induction contributions. In order to emphasize the crucial importance of the choice of the potential parameters, we will also discuss the line shifts we have obtained using the potential of van Bladel et al., in spite of the increasing disagreements this model produces with increasing cluster size.
We have summarized in Table V the results of our frequency shift calculations for the most stable SF 6 dimer, both for potential I ͑including exchange, dispersion, and electrostatic terms͒ and potential II ͑additionally including induction contributions͒. As a result of the mutual interaction of the monomers within the dimer, the 3 will be shown that the parallel band implies collective vibrations of the monomers along the longitudinal symmetry axis of the dimer, while for the perpendicular band, the resulting vibration takes place predominantly in a perpendicular plane. The differences between the line shifts corrected up to the second order and the first order results ͑added between parenthesis͒ represent the second order corrections, which typically amount to less than 0.4 cm
. The small second order corrections are a result of the relatively reduced anharmonicity of the normal monomer vibrations, but also of the small intermolecular potential curvature in the vicinity of the global minimum ͑the mixed second order derivatives ‫ץ‬ 2 U/‫ץ‬q ni ‫ץ‬q rm hardly exceed 0.7 cm
͒. In order to identify the interaction mechanism which is mainly responsible for the frequency shifts, the individual contributions of the various potential terms to the line shifts have been evaluated by switching off the rest of the interactions, but considering the same dimer structure ͑obtained with the full potential model͒. It can be easily noticed that the electrostatic contributions are by far dominant, and by performing the molecular multipole analysis of the electrostatic interactions, taking into account the O h symmetry of the monomer, it becomes clear that the vibrational dipoledipole interaction, held responsible for the vibrational splittings in the literature, 1-7 indeed represents the leading mechanism. Furthermore, the effects of the exchange and dispersion couplings can be seen to be completely negligible.
Whereas for the parallel band the exchange interaction produces a small blueshift and the dispersion an even smaller redshift ͑partially cancelling out the first one͒, in the case of the perpendicular band, the signs of the shifts are reversed. The induction, considered in potential II, contributes about 12% to the total frequency shifts, but as it will be further shown, its inclusion leads to a systematic redshift of the bands for all cluster sizes, turning out to be inappropriate with the available atomic polarizabilities. The implicit domi- nance of the dipole-dipole resonance mechanism is, obviously, the ultimate explanation for the remarkable success of the simple model of Geraedts et al.
We have gathered in Table VI both experimental and theoretical data regarding the frequency shifts and line intensities for SF 6 clusters up to the hexamer. As experimental reference data we have chosen the results of the two most recently reported sets of measurements: the IR-IR double resonance experiments of Heijmen et al., 6 and the vibrational predissociation experiments with size-selected clusters of Huisken et al. 5 The discrepancies between the estimated band positions are mainly due to the less sharper peaks in the predissociation spectra of Huisken et al. Nevertheless, the size-selectivity of the two-laser spectra of Heijmen et al. seems to be less effective. Unfortunately, no size-selected observed data for clusters higher than tetramer are available.
As a theoretical counterpart for our calculations, we have chosen the initial results of Geraedts et al., 6 clusters up to the hexamer. For our calculations with the potential of van Bladel et al., potential I and potential II, we give the results corrected up to the second order. In the case of the pentamer, we present the data for the third lowest isomer 5Љ, the first to show a well-defined symmetry. g represents the degeneracy of the spectral line. since we have included the results of our calculations using this potential. It should be stressed, however, that our first order line shifts for this potential coincide up to the first decimal digit with those reported by van Bladel et al.
M Heijmen
For the pentamer we have considered only the third lowest isomer ͑5Љ͒, the first one to show a well-defined symmetry and consequently a structured spectrum which may be subject to intuitive interpretations. The total splitting of the 3 band of the most stable pentamer is for all potential models sensitively larger and the spectrum consists of more nonvanishing lines.
Already when comparing the theoretical line shifts for the dimer with the frequency shifts of Ϫ14.1 and 8.4 cm Ϫ1 evidenced by the IR-IR double resonance experiments of Heijmen et al., it becomes apparent that the best agreement is achieved by using potential I ͑which does not include induction͒. It can be seen that the potential of van Bladel et al. underestimates the total splitting by more than four wave numbers, and the reason for this is obviously the smaller ͑less accurate͒ monomer transition dipole moment of Fox et al., 9 which has been used to determine the effective atomic charges. In order to clarify whether the underestimation of the splitting cannot also be attributed to the different dispersion coefficients C i j , we have increased the C i j coefficients in the potential of van Bladel et al. to the values corresponding to potential I, but the changes in the frequency shifts have been minor. The crucial importance of the effective charges assigned to the atoms thus becomes clear. On the other hand, the inclusion of the induction interaction in potential II yields a poorer agreement with the observed spectra, leading to an overall redshift. It is, however, interesting to notice the same ͑2:1͒ intensity ratio of the perpendicular and parallel bands for all theoretical models, indicating again the leading contribution of the dipole-dipole interaction.
The fair agreement between our results for the dimer and the experimental evidence can also be noticed from Fig. 11 , where we have depicted along with the two-laser spectrum of Heijmen et al., the stick spectra for the two dimer structures found by considering potential I. The observed spectrum nicely accommodates the lines corresponding to both dimer isomers, suggesting that the experimental setup cannot discriminate them and that they possibly coexist under the given experimental conditions. Even though the units for the experimental and calculated spectra differ, the ratios of the corresponding line strengths seem to support the coexistence hypothesis, and this would further sustain the interpretation of the van der Waals geared rotation proposed in Sec. III C, as part of which the second lowest dimer could play the role of intermediate structure.
More than from the listed frequency shifts, the agreement between our dimer spectrum and the measurements of Huisken et al. becomes evident by inspecting Fig. 12 , where the calculated lines seem to point to the highest attenuation values rather than to the maxima of the Lorentzian fit of the experimental points, the ratio of the calculated line strengths reproducing quite well the corresponding attenuation ratio.
In Fig. 13 we have plotted besides the two-laser spectrum of Heijmen et al. for the trimer, the corresponding stick spectrum resulted by using potential I. Although the structure of the spectrum and the position of the outer lines is well reproduced, the calculated middle line appears blueshifted by approximately 3.5 cm
Ϫ1
. However, at about 955 cm
, where the experimental peak is located, important contributions from the dimer are likely to exist ͑see Fig. 11͒ . As regards the results of Geraedts et al., the underestimation of the total band splitting has become even more apparent than in the dimer case, as can be seen from Table VI. The same holds also for our calculations using the potential of van Bladel et al., but to an even more critical extent. As for the results based on potential II, the lines are again redshifted too much.
Going to the tetramer ͑Fig. 14͒, a striking finding is the appearance of a supplementary peak at about 955 cm Ϫ1 in in the blueshifted band probably being due to the varying laser effectiveness in the marginal frequency region. Again, as in the case of the dimer, judging by the experimental bandwidths, the two tetramer isomers are not likely to be distinguished under the given experimental conditions. As for the tetramer spectrum of Huisken et al. ͑Fig. 6 of Ref. 5͒, due to the very low laser fluence ͑5.5 mJ/cm 2 ͒, the bands are quite diffuse, not allowing for a reliable quantitative comparison.
In a rather surprising manner, the agreement of the results of Geraedts et al. with the experiments improves for the tetramer over the trimer, while the potential of van Bladel et al. provides a too small total splitting in the spirit of the already noticed underestimating tendency. As regards our results for potential II, the overall redshifting tendency is somewhat diminished, suggesting that with increasing cluster size, the induction contributions become more and more important. The persistent discrepancies with respect to the experimental band shifts indicate, however, that more accurate polarizabilities are required for a subtle description of the cluster vibrations. Figure 15 shows the stick spectra of the SF 6 clusters up to the hexamer, obtained by using potential I. The lines have been denoted according to the sign of the frequency shift: with ʈ for redshifted lines and with Ќ for the blueshifted ones ͑the parallel or perpendicular character will be clarified in the next section͒. While the ''parallel'' lines tend to preserve the red boundary of the spectra at about 935 cm Ϫ1 with increasing cluster size, the ''perpendicular'' lines gradually 6 clusters from dimer to hexamer using potential I. The continuous lines correspond to the most stable isomers, while the dotted lines to the second lowest ones. For the pentamer, the third lowest configuration is being considered. move toward higher frequencies, however with a saturation tendency, which brings about an almost non-varying total splitting when going from the pentamer to the hexamer. The same tendency can be also observed in Table VI in the case of potential II and this finding can be correlated with the saturation of the average S-S distance, which was discussed in Sec. III C. Apart from the supplementary splitting in the case of the tetramer, pentamer and hexamer, which is obviously due to the presence of monomers in non-equivalent positions, the parallel lines seem to be less sensitive to the ''compactness'' of the cluster ͑given by the average S-S distance͒ than the perpendicular lines.
E. Structure of the cluster vibrations
In this section we try to shed some light on the structure of the collective monomer vibrations, establishing correlations between the cluster configurations and the corresponding spectra. For the sake of conciseness we will confine the discussion to clusters up to the tetramer.
The 3 vibrational mode of the SF 6 monomer being threefold degenerate, in principle all three vibrations along the local Cartesian coordinates will take part in the overall vibration of the cluster. We will graphically symbolize each component of the vibration by a vector along the respective local Cartesian axis, implying individual vibrations of the atoms with relative amplitudes given by the l-matrix components listed in Table II ͑with all fluorine atoms moving in phase in the direction of the vector, and the sulphur atom moving out of phase in the opposite direction͒. The amplitudes of the defined vibration vectors will be given by the coefficients c n Ј i Ј ,ni , representing the weights of the individual vibrational states within the total cluster state, ͉⌿ n i ͘ϭ͚ n Ј ⌫ ͚ i Ј c n Ј i Ј ,ni ͉1 n Ј i Ј ͘, and resulting as eigenvector components from the eigenvalue problem ͑9͒ for the reduced perturbation matrix.
In Fig. 16 we have depicted the parallel (ʈ) and perpendicular (Ќ) vibrations for the most stable dimer configuration, along with the parallel vibration for the second lowest isomer. In the case of the parallel vibrations, the fluorine atoms vibrate solidary in phase along the dimer axis, like a cage, while the two sulphur atoms vibrate out of phase along the same axis ͑the vibration components for the second lowest isomer are symmetrical with respect to the plane of the figure͒. Since the S-F bond pairs are alternatively stretched and compressed, the cluster structure preserving its axial symmetry, the monomer vibrations are enhanced by the overall cluster vibration and the resulting frequency shift is red, as can be seen from the stick spectrum in Fig. 15 . In the case of the perpendicular vibration (Ќ), from the symmetry of the components it follows that the fluorine atom cage indeed vibrates perpendicularly to the dimer axis, out of phase with respect to the sulphur atoms. The vibration is obviously doubly degenerate, rendering the cluster structure unsymmetrical. As a consequence, the valence S-F bonds are stretched on the whole, hindering the vibration of the implied fluorine atoms, and thus leading to a blueshift of the frequency.
The three pairs of van der Waals S-F bonds within the trimer are very similar to the ones in the second lowest dimer. Consequently, the parallel band of the trimer is expected to behave analogously with the parallel band of the second dimer and this is of course what is found in the stick spectrum of Fig. 15 . Whereas, judging from the cyclic symmetry of the vibration components ͑Fig. 17͒, the Ќ 2 band clearly corresponds to a perpendicular overall vibration with respect to the plane of the figure ͑with the fluorine and sulphur atoms moving out of phase up and down͒, the Ќ 1 vibration also shows admixtures of in-plane vibrations, therefore being less blueshifted. In the case of the Ќ 2 vibration, the out of phase movement of the fluorine atom cage and of the sulphur atoms results, as in the dimer case, in the van der Waals S-F bonds being stretched on the whole, which brings about the stiffening of the implied valence S-F bonds, and, thus, the blueshift of the vibration frequency.
In the case of the tetramer a qualitative new type of correlation occurs. The most stable tetramer ͑Fig. 18͒, seems to be built up from two transversely sandwiched second lowest dimers, within a slightly distorted T d structure. A further finding, which results from the cyclic symmetry of the vibration vectors, is that the monomers constituting each ''dimer'' are strongly correlated, and therefore, the tetramer spectrum is expected to show roughly the structure encountered for the second lowest dimer. In the case of the ʈ 2 band at 935.9 cm Ϫ1 , the monomers vibrate pairwise in phase, the overall cluster vibration relaxing the bonds, and thus leading to a red frequency shift. On the contrary, in the case of the Ќ 2 band at 965.1 cm Ϫ1 ͑practically overlapping the Ќ 1 band͒, the monomers belonging to a certain ''dimer'' can be seen to vibrate out phase. The S-S distances in the two composing ''dimers'' ͑on the diagonals of the depicted projection͒ alternatively increase and decrease in a hindered ''breathing'' motion. As a consequence, the individual monomer vibrations are hindered and a blue frequency shift results. As for the second lowest tetramer ͑Fig. 19͒, the ʈ 2 band at 936.2 cm Ϫ1 , which is the first one to sensitively deviate from the so far hardly changed position of the parallel bands, is characterized by the vibration of the top monomer along the C 3 axis pointing to the onlooker, in phase with the symmetrical, predominantly in-plane torsion of the bottom ring. The character of parallel band clearly refers in this case to the collective vibration along the C 3 axis. The situation is reversed in the case of the Ќ 1 band at 964.1 cm Ϫ1 , where the top monomer and the ring vibrate out of phase. Again the in phase vibrations are associated with redshifts, while the out of phase vibrations result in blueshifts.
IV. CONCLUSIONS
A new degenerate second order perturbation approach for evaluating the splitting and shifting of the vibrational bands of homogeneous molecular clusters is presented. The Hamiltonian of the system comprises harmonic and anharmonic intramolecular vibration terms, described in the normal mode representation, as well as the intermolecular potential. The degenerate monomer vibrational modes are being consistently taken into account. The anharmonic contributions of the intramolecular force field and the intermolecular potential are treated as a perturbation. The first order of the new perturbation approach appears to be a straightforward generalization of previous results from the literature. [11] [12] [13] In the second order, however, substantial formulation differences result from the consideration of the complete basis set of the state space, which allows for a full description of the couplings of the intramolecular vibrations through the intermolecular potential.
A new site-site intermolecular potential for SF 6 , comprising exchange, dispersion, electrostatic, and induction contributions, is presented. The effective charges assigned to the atoms are chosen such as to account for the observed vibrational transition dipole moment of the SF 6 monomer. The dispersion coefficients for the individual atomic species are determined by fitting the calculated temperature dependence of the second virial coefficient of SF 6 to the experimental evidence. Two variants of our potential model ͑one neglecting the induction interactions, and the other one including them͒ are applied to compute SF 6 cluster structures up to the hexamer, which are compared with those obtained by using other potential models from the literature. The average S-S distance and the incremental cluster binding energy are employed to correlate the ''compactness'' of the found cluster structures with their symmetry properties. It is confirmed that SF 6 forms true van der Waals clusters, mainly bound by the dispersion attraction, the effect of the induction interactions being negligible. The new second order line shift formalism is used to calculate the IR-spectra of the found SF 6 clusters in the region of the 3 vibrational mode. It is noted that, although much smaller than the first order frequency shifts, the second order ones are meaningful, achieving a fine-tuning of the calculated spectra. The contributions to the line shifts from the various interaction terms are analyzed and it is found that the electrostatic coupling is by far dominant. By a simple molecular multipole analysis, this large contribution can be attributed to the vibrational dipole-dipole interaction, which has been held responsible for the vibrational splittings in the literature. The calculated spectra compare favorably with data for clusters up to the tetramer ͑from IR-IR double resonance experiments and IR photo-dissociation experiments with size-selected clusters͒ and the overall better agreement of the results obtained neglecting induction over those including it, is apparent. The systematic redshift of the spectra for all cluster sizes renders the inclusion of the induction interaction with the available atomic polarizabilities inappropriate.
The structure of the cluster vibrations is investigated in terms of the individual monomer vibrations and is correlated with the found geometrical cluster configurations. The parallel bands are associated with in phase vibrations and result in red frequency shifts, due to the enhancement of the individual monomer vibrations by the overall cluster vibration, while the perpendicular bands imply out of phase vibrations producing blue frequency shifts, due to the hindering of the normal modes of the monomers.
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